Surface morphology and deuterium retention in tungsten oxide layers 
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The reduction of WO 3 by H 2 is known to start at about 670 K (T reduce ). The course of the reduction is dependent on many factors, particularly on the presence of H 2 O and catalysts [21] . Salje et al. [22] 3 . On the other hand, Bringans et al. [12, 23] , studying the effect of H + bombardment on WO 3 by the ultraviolet photoemission spectroscopy, postulated that a loss of oxygen atoms from the surface rather than formation of H x WO 3 was the paramount effect.
The aim of the present work lies in obtaining data on deuterium concentration in tungsten oxide exposed to low-energy, high flux D plasma at various temperatures and determining the oxygen loss.
Experimental procedures
Two types of tungsten produced by A.L.M.T. Corp., Japan (each with a purity of 99.99 wt.%) were used as substrates for growing of oxide layers -(i) a polycrystalline ITER-grade tungsten (pc-ITER-W) where the grain elongation is perpendicular to the surface [24] and grain size is around 1 µm, and (ii) polycrystalline tungsten fully recrystallized at 2070 K for 1 hour after cutting and polishing (rc-W) with grains of µm. Plates of the W materials, 10102 mm 3 in size, were oxidized by annealing in air for 10 minutes. Two runs of the annealing were performed -the pc-ITER-W plates were oxidized at T oxy  820 K, whereas the rc-W plates were oxidized at T oxy  870 K.
The phase of the oxide layers was examined by X-ray diffraction (XRD) (3003-PTS, Seifert). The diffractograms were obtained with a parallel beam configuration as θ/2θ scans and under grazing incidence. Additionally, for the most intense XRD peaks, a texture analysis was performed.
The surface topography was examined by scanning electron microscopy (SEM) (Real Surface View Microscope, KEYENCE VE-9800) at a tilt angle of 45º, whereas the oxide layer morphology of the plasma-exposed samples was analyzed by a SEM combined with a focused ion beam (FIB) (HELIOS NanoLab 600, FEI) [25] .
The oxide layers formed on the W substrates were exposed to a deuterium plasma beam consisting to over 80% of incident µm for metallic W) [28, 29] .
The W concentration in the oxide layers before and after exposure to the D plasma was determined by means of Rutherford backscattering spectroscopy (RBS) at 
Results and discussion
According to the RBS data (Fig. 1a) , the composition of the grown oxide layers corresponds to stoichiometric WO 3 with 25 at.% of W atoms. On the other hand, the dark blue colour of the oxide layers is indicative of the WO 2.75 phase (26.7 at.% of W atoms). It should be noted that the phase identification by XRD is hindered by a strong fibre texture of the oxide layers grown on both W substrates. Nevertheless, the oxide layers can be attributed to the WO 3 phase with the (020) planes parallel to the surface. The broad width of the diffraction peaks indicates that the crystallites are small or strongly disordered.
However, it seems plausible that the grown oxide involves two phases, WO 3 and WO 2.75 [30] , therefore below we will denote the grown tungsten oxide as WO 3-z , where 0  z  0.25.
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A thickness of the oxide layers formed on the surface of the pc-ITER-W is about A significant increase of the W concentration over the whole thickness of the oxide layer on the rc-W is observed during plasma exposure at T exp = 705 K (RBS spectrum is shown in Fig. 1b , whereas the tungsten depth profile is depicted in Fig. 5a ). This temperature is above the onset temperature T reduce  670 K for reduction of WO 3 by hydrogen gas [21] , and it is reasonable to suggest that the increase of the W concentration to 50-70 at.% is due to the reduction of WO 3-z by D atoms implanted in the near-surface layer and diffusing into the bulk. At this exposure temperature, oxygen atoms are removed from the oxide layer in the form of water molecules [32] , and, as may be inferred from the RBS spectrum (see Fig. 1b ) and the SEM pictures (see Fig. 2d ), the layer becomes thinner, as a consequence. However, the oxygen-free metallic tungsten is not completely restored.
RBS spectra highlight another important features of the oxide layers exposed to the D plasma at temperatures below the onset temperature for the oxide reduction (T reduce  670 K): (i) a significant increase of the W concentration over the whole thickness of the oxide layer on the pc-ITER-W at T exp = 605 K (Fig. 6a) ; (ii) an increase of the W concentration at depths of 1-3 µm from 25 to 28 at.% after exposure at temperature of 515 K, and the increase to 45% at 615 K for the oxide layers on the rc-W (Fig. 5a ). It seems likely that the process of the oxide reduction by diffusing D atoms occurs at a low rate already at temperatures lower than those considered before.
After D plasma exposure at temperatures up to 430 K, the deuterium concentration in the tungsten oxide matrix at depths beyond the oxygen depleted layer up to 1-2 µm is 2-3 at.% (Figs. 5b and 6b ). The D concentration in the near-surface layer is somewhat lower than that in the WO 3-z matrix, probably due to a partial reduction of the tungsten oxide. As the exposure temperature increases, the D concentration in the oxide matrix decreases, reaching about 510 -3 at.% at T exp = 615 K for WO 3-z /rc-W (Fig. 5b) , while for WO 3-z /pc-ITER-W it stays just above 10 -2
at.% at T exp = 605 K (Fig. 6b) . For the WO 3-z /rc-W exposed at temperature of 705 K, the oxide thickness shrinks to less than 2 µm, and the D concentration slightly increases (Fig. 5b) . However, it must be emphasized that a strong reduction of WO 3 takes place at this temperature.
The maximum concentration of deuterium retained at depths of 0. molecules [12, 13] and to molecular deuterium accumulated inside closed pores and cracks initially present in the oxide layer [8] . However, in a vacuum plasma-sprayed W (VPS-W)
coating with a porosity of 4-7%, the maximum D concentration at depths of 2-4 μm does not exceed 0.03 D/W [35] (Fig. 7) . Note that the VPS-W coating is characterized at these The magnification of all images is the same. The magnification of all images is the same. 
